: Branching fractions, and ratios R(X) = |M(X)| 2 / |M(f 2 π)| 2 andR(X) = |M(X)| 2 / |M(f 2 π)| 2 of partial widths with phase space and flavor factors removed to those of the dominant decay mode. M andM are defined in the text. The decay is assumed to proceed via the bold-faced L wave, since in all modes [except for f 2 π, where [3] the D wave is (0.18 ± 0.06) 2 = (3.2 ± 2.2)% of the S wave] the contributions from the different partial waves are not known. Although the branching fractions do not add to unity, since Ref. [3] constrained a subset of these modes by unitarity, those outside of this subset were defined relative to the dominant f 2 π mode, and so this does not affect the ratios R(X) andR(X). The constraint for the ρ(1450)π mode is incorrectly quoted [15] in
Refs. [1, 3] and should read Br[π 2 (1670) → ρ(1450)π] Br[ρ(1450) → ωπ] < 0.36%. Since
Br[ρ(1450) → ωπ] is poorly known, estimates for a branching ratio of a third are provided.
Br(π 2 → X) (%) [3] R(X)R(X) 
This small branching fraction is consistent with a preliminary analysis performed by the E852 Collaboration [2] of data on the reaction π − p → ωπ − π 0 p, in collisions of an 18 GeV π − beam with a proton target.
The decay π 2 → b 1 π is allowed by conservation of parity, angular momentum, isospin and G-parity, and so its strength should be comparable with that of other decays which are
allowed by the same quantum numbers, which are conserved to an extraordinary degree by the strong interactions. In order to show that the branching ratio is small for dynamical reasons, independent of any model, factors due to phase space and flavor should be removed.
The standard expression for the partial width is [3] 
where m π 2 and J π 2 are the mass and total angular momentum of the decaying π 2 , the decay momentum p is measured in the rest frame of the π 2 , the relative orbital angular momentum of the decay products is L, and p L f M is the decay amplitude. The amplitude with the phase space (p L ) and flavor (f ) factors removed is M. In Table 1 we show the ratios of GeV [4] .
The ratios of the squares of these amplitudes with the flavor, phase space, and kinematic factors removed is also shown in Table 1 . It is evident that the b 1 π decay is a factor of between 3 and 11 weaker than the other decay modes for dynamical reasons, making it anomalously small. This is emphasized by Fig. 1 , which shows the |M| 2 ratios plotted logarithmically. Since there is only an experimental upper bound on the b 1 π mode, this suppression factor could be even larger. There is also evidence from recent analyses of E852 data [5] of a π 2 (1670) signal in the f 1 π and a 2 η final states. The discovery of additional final states will have the effect of further reducing the b 1 π branching fraction. We urge future experiments to put more restrictive bounds on the π 2 → b 1 π decay mode. 2 Models that can accommodate π 2 (1670) → b 1 (1235) π
The decay π 2 → b 1 π is particularly clean in the sense that it is only sensitive to OZI allowed decays. This is because OZI-forbidden decay processes, which allow the creation of either the isovector π 2 , b 1 or π out of isoscalar gluons, are forbidden by isospin symmetry (see Fig.   2 ). The suppression of isospin symmetry breaking amplitudes is much greater than that of OZI forbidden amplitudes, the latter being about a factor of 10.
In non-relativistic quark-pair-creation models, where OZI-allowed meson decay processes are modeled by an initial′ pair decaying to the two pairs′′ and q ′′q′ (see Fig. 3 ), a simple selection rule arises when all the mesons have quark-spin S = 0. If the q ′′q′′ pair is created with quark-spin S pair = 1, then conservation of quark-spin implies that the amplitude is zero. In the quark model, conventional mesons with S = 0 have
. ., of which only states corresponding to the first three J P C have been established experimentally [3] . The isovector resonances with these three sequence pseudoscalars with an arbitrary relative angular momentum couple to the natural-parity It has been pointed out that a success of the non-relativistic 3 P 0 pair-creation model (Fig. 3) ,
where S pair = 1, is the fact that the decay π 2 → b 1 π is predicted to vanish [7] . Other decay models where S pair = 1, such as the non-relativistic chromo-electric string-breaking model where the pair has 3 S 1 or 3 D 1 quantum numbers [8] (Fig. 3) , will also have this suppression.
Both the 3 P 0 and 3 S 1 models involve a decay operator proportional to σ · p, where the σ is the spin of the created quark anti-quark pair, and p is a momentum operator. It is not surprising that the 3 P 0 , 3 S 1 and 3 D 1 models obey the selection rule, since these all 5 treat the quarks non-relativistically, as though they are heavy. This is a special case of a result that is shown in Appendix A: when each of the mesons participating in the decay is composed of a very heavy quark and anti-quark, the selection rule is exact to all orders of QCD perturbation theory.
Since 't Hooft's instanton vertices only affect strong decays where all participating mesons have J = 0, decay models based on these vertices also predict vanishing π 2 → b 1 π decay [9] .
One-boson emission models
The one-boson exchange (OBE) model describes the coarse features of the baryon spectrum as being due to confinement and the exchange of pseudoscalar [10] and scalar and vector [11] bosons between the quarks. Fig. 3 , the one-pion emission model has either q → q ′′ π, orq ′ →q ′′ π.
The lowest order one-pion coupling to the quark or anti-quark is given by the Lagrangian density [12, 13] 
An expansion of this axial current gives a decay operator of the form σ q · k (Eqs. 2 and 28 of Ref. [12] ), where σ q is the spin of the quark emitting the pion, and k is the pion momentum. This means that the operator creating the boson is a vector operator in the space of the spin of the decaying meson, and so cannot link an initial S = 0 meson to a final S = 0 meson, so the selection rule is also valid for lowest order one-boson emission.
We conclude that the phenomenologically successful pair-creation model for light-light mesons (the 3 P 0 model) [7] , the chromo-electric string-breaking model (
instantons [9] , and the lowest order one-boson emission model, which has successfully been applied to the decay of heavy-light mesons [12, 13] , are consistent with the experimental decay width of π 2 → b 1 π.
4 Models possibly constrained by π 2 (1670) → b 1 (1235) π
Higher order contributions in one-boson emission models contain terms that are not of the form σ q · p, which violate the selection rule. An example is interactions where both a pseudoscalar boson is emitted, and a particle is exchanged between the quark and anti-quark in the initial meson (Eqs. 13, 38 and 39 of Ref. [12] ). The amplitudes corresponding to the higher order contributions can be similar in size to those corresponding to the lowest order contribution 1 . This suggests that consistency with the small decay branch for π 2 → b 1 π can constrain models which do not obey the selection rule, such as the higher order contributions introduced in one-pseudoscalar-boson emission models [12] to cure problems with the lowest order contribution [12, 13] . It can also provide a viability check on proposed decay mecha-
nisms. An example, depicted in Fig. 3 , is where there is a single gluon exchanged between a quark in the decaying hadron and the vertex at which the quark pair is created. Although this one-gluon exchange quark pair creation decay mechanism violates the selection rule 2 , it is found to be sub-dominant relative to the 3 P 0 model [14] , so that it is not expected to be constrained by π 2 → b 1 π. If appreciable strength for π 2 (1670) → b 1 (1235) π, inconsistent with experiment, is predicted by either higher order terms present in the one-boson emission decay mechanism, or by the one-gluon exchange pair creation decay mechanism, one of these decay models could be ruled out. This could distinguish between the OBE and one-gluon exchange models of the coarse features of the light baryon spectrum. A Appendix: The quark-spin selection rule is exact for heavy quarks
The quark-gluon interaction in the QCD Lagrangian density (suppressing flavor and color)
is
Second quantize the free quark fields in the usual way,
where a ν (p) and b ν (p) are the quark and anti-quark annihilation operators. Substituting
Eq. 4 into Eq. 3 yields
The first and second terms describe the quark and anti-quark interactions with the gluon field, respectively, the third term describes creation of a quark-anti-quark pair, and the fourth term annihilation of a quark-anti-quark pair.
In the limit of very heavy quarks
where the χ ν are the usual Pauli spinors. Then the first and second terms in Eq. 5 contain
so quark-gluon and anti-quark-gluon interactions do not change the spin of heavy quarks or anti-quarks. The third and fourth terms in Eq. 5 contain
where i ∈ {1, 2, 3}. Hence quark-anti-quark pair creation and annihilation involve a spin change described by the Pauli matrices σ i .
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The spin of a propagating heavy quark remains unchanged by quark-gluon interactions, according to the first and second terms of the interaction in Eq. 5, and Eq. 7. The exception to this is when the the quark travels in a Z-graph, which corresponds to quark-anti-quark pair creation and then annihilation via the third and fourth terms of the interaction in Eq. 5. However, these Z-graphs are suppressed by powers of 1/m Q , so that for very heavy quarks they do not contribute. The spin of a propagating heavy quark remains unchanged to all orders in QCD perturbation theory.
This implies that the spin of a quark or anti-quark is changed only when a quark-anti-quark pair is created or annihilated, through an operator of the form σ · A (Eqs. 5 and 8). When an initial heavy-quark meson QQ ′ pair undergoes an OZI allowed decay to the two final heavy-quark meson pairs QQ ′′ and Q ′′Q′ , the spin is only changed when the Q ′′Q′′ pair is 
